A new soft x-ray pulse height analyzer (PHA), based on a Silicon Drift Detector (SDD) linear array consisting of 15 SDD detectors, has been installed in the HT-7 tokamak. The energy resolution of 150-180 eV at photon energy of 6 keV is achieved for the SDD with Peltier cooling. The effective time response of the SDD PHA is 50 ms. The profiles of electron temperature and the intensity of metallic impurities can be obtained with a spatial resolution of 3 cm. The performance and first experimental results from the new PHA system are presented.
I. INTRODUCTION
PHA systems are traditionally used to measure the soft x-ray emission spectrum in Tokamaks and other magnetic fusion devices. 1 Several important plasma parameters such as electron temperature and content of intensity of metallic impurities can be obtained from soft x-ray PHA systems. The lithium-drifted silicon Si (Li) detector is generally used for the PHA system in tokamaks due to its high energyresolution and absorption efficiency. However, the large volume and frequent maintenance of the LN cooled Si (Li) detector limits the application in spatial multichannel configurations. Compact detectors are therefore needed for this purpose due to the limited accessibility to the tokamak. Several types of room temperature solid-state detectors have been developed for soft x-ray PHA measurement, such as the avalanche photodiode (APD) (Refs. 2 and 3) and the cadmium telluride semiconductor (CdTe).
4 APD has been applied to measurement electron temperature in tokamaks. 5 However, the energy resolution of these detectors is not so good as that of the Si (Li) detector, and, thus, the information on metallic impurity cannot be obtained from these detectors. In the last years, the silicon drift detector (SDD) (Refs. 6-8) has been developed and placed on the market. The SDD does not require a liquid nitrogen cooling system and is very compact. The energy resolution of SDD can achieve 150 eV at 5.9 keV. At the same time, SDD can be operated at very high count rates beyond other types of detectors. 6 The above advantages make the SDD the best candidate for spatial multichannel PHA diagnostics in tokamak. A 15-channel SDD linear array has been applied to the soft x-ray PHA system in the HT-7 superconducting tokamak. The performance and first experimental results from the new PHA system are introduced in this article. The SDD PHA system is described in Sec. II. The first experimental results are presented in Sec. III. Section IV gives the summary.
II. SDD PHA SYSTEM
The SDD PHA system consisting of SDD array, Be filters and pinholes is installed on a vertical port of HT-7. The HT-7 is a superconducting tokomak with a major radius R = 1.22 m and a minor radius a = 0.27 m. 9 The 15-ch SDD array used in this diagnostic is developed by KETEK Ltd. in Germany. The sensitive area and thickness of each detector element of the SDD array is 5 mm 2 and 300 m. Each element has an 8 m Be filter and is separated by a center-tocenter distance spacing of 8.5 mm. The relative error of the active detector area between 15 elements is less than 5%. The active detector area of the SDD is 100% uniform and illuminated. Figure 1 shows the soft x-ray transmission fraction of the SDD detector with an 8 m Be filter. The data of Fig. 1 is obtained from Ketek Ltd. that is the manufacture of SDD. The atomic data table and formulas are often used to calculate the detection efficiency of the x ray. We have calculated the detection efficiency and find the results are highly consistent with that of Ketek Ltd. The SDD array can detect the x-ray photons from 1 keV to 20 keV. To reduce the dark current, the SDD detector is cooled down to about −10°C using single-stage Peltier cooling devices. Figure 2 shows the calibration spectra of the SDD. The energy resolution is 150 eV at 5.9 keV with 1.0 s shaping time. The energy resolution of 180 eV can still be reached with 0.25 s shaping time, which is adopted in HT-7 experiments to obtain a high-count rate. Count rate of 150 kHz can be reached for the SDD without considerable pile-up effect. The fitting linear correlation coefficients between the MCA channel number and energy of K line x rays is larger than 0.999 (as shown in Fig. 3) .
The cutaway view of the SDD PHA system is shown in Fig. 4 . The SDD array views the plasma from r = 0.78 a (low magnetic field side, LFS) to r = −0.78 a (high magnetic field side, HFS) and its spatial resolution is 3 cm. Unfortunately, the five elements of the SDD array that view the plasma of HFS are out of order during transportation and do not work normally. Therefore, only experimental data of central and low magnetic field plasma is presented in this article. In order to reduce the statistical error, a high count for one energy spectrum is hoped to be obtained. Thus, the maximum time response of 50 ms is adopted in actual experiments in HT-7. The flux of soft x rays can be adjusted by changing the aperture of the exchangeable pinholes (1 mm, 2 mm, 3 mm, 4 mm, and 5 mm) and exchangeable Be foils. Two types of exchangeable Be foils sets are arranged between the pinholes and detectors (as seen in Fig. 2 ). One set with five Be foils (50 m, 100 m, 150 m, 200 m, and 300 m) is placed near the pinhole. All lines of sight will be filtered by this set of Be foils. The other set including four sets Be foils that can be adjusted independently is arranged near the detectors. One set with three Be foils ͑50 m , 100 m , 200 m͒ will filter x-ray photons for three (center) or two (outer) detectors. The thick fluoro rubber gasket and Teflon insulator (as seen in Fig. 4 ) are used to isolate the detectors from the tokamak potential.
III. FIRST EXPERIMENTAL RESULTS
The SDD PHA system was put into use in the 2002-2003 campaign of experiments in HT-7. Figure 5 shows a typical waveform of a LHCD discharge in HT-7. The LHW ͑300 kW͒ is injected at 0.44 s and turns off at 1.43 s. The central line averaged electron density is 1 ϫ 10 19 m −3 . The electron temperatures in Fig. 5 are derived from the slope of the continuum of soft x-ray spectrums. 1 Both electron temperature and energy content deduced from diamagnetic measurement increased after the injection of LHW. The raw spectra of LFS at 0.315 s are shown in Fig. 6 . The T e profiles of this shot obtained from the SDD PHA system and HFS ECE system are shown in Fig. 7 . The error bars in Fig. 7 are estimated from the soft x-ray temperature fitting procedure. The Te profile from ECE measurement only can be obtain in OH heating phase because ECE on HT-7 cannot measure the electron temperature of LHCD plasma. It can be seen that the T e profiles from ECE and SDD array are consistent during OH heating phase. It can be seen that the electron temperature increases in the very wide range after the injection of LHW. However, the increments of electron temperature are higher in the center than that on the outside. The location of maximum electron temperature moved several centimeters to the low magnetic field side (LFS) after the injection of LHW.
It is in accordance with the experimental facts that the plasma column and magnetic axis will shift outwards when the energy content of plasma increases. There are no other diagnostics to measure electron temperature of LHCD plasma except soft x-ray PHA in HT-7. The total energy of plasma can be calculated from the profiles of T e , electron density, and ion temperature. The electron density profiles were measured with HCN interferometer. 10 The ion temperature was measured with the neutral particle analyzer (NPA).
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The ion temperature increased from 0.4 keV to 0.67 keV after the injection of LHW (Parabolic profile of ion temperature was assumed). Figure 8 gives calculated energy content versus diamagnetic energy at two stages in shot 60452. The sources of error bar for calculated energy content are the error bars of Te and Ti. It can be seen that the calculated energy content is consistent with the diamagnetic energy.
Together with the electron density measured by HCN interferometer or TSC, x-ray spectra also furnish sufficient information to obtain the profile of impurity concentration. Figure 9 gives the soft x-ray spectra of central chord. It can be seen that the K ␣ lines of iron appeared after the injection of LHW. According to experimental results and theory calculation, 12 the Fe K ␣ is mainly emitted from Fe +19 -Fe +25 . The temperature average excitation cross sections for iron ions are used to calculate the concentration of Fe. 13 The power radiated in K ␣ transition by the impurity ions can be expressed as 13 P L ͑T e ͒ Ϸ n e n i ͗͘ T e ,K␣ E K␣ , where ͗͘ T e ,K␣ is the temperature average excitation cross section, n e is electron density, n i is the impurity density, E K␣ is the energy of the K ␣ line. Figure 10 chord integral raw data in Fig. 10 are statistical counting error. It can be seen that the Fe K ␣ x rays were mainly emitted from core plasma column of r Ͻ 6 cm. The estimated concentration of iron ͑n Fe n e ͒ in the core plasma range is about 0.08%.
A new soft x-ray pulse height analysis (PHA) based on the SDD linear array has been applied to magnetically high temperature plasma in the HT-7 tokamak. This PHA system has demonstrated itself to be a very useful diagnostic tool. Time-resolved radial profiles of electron temperature and intensity of metallic impurities can be obtained with this PHA system. Further studies on the transport of electron heat and metallic impurity are the next target. 
